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NetrinBTransport of liquids or gases in biological tubes is fundamental for many physiological processes. Our
knowledge on how tubular organs are formed during organogenesis and tissue remodeling has increased
dramatically during the last decade. Studies on different animal systems have helped to unravel some of the
molecular mechanisms underlying tubulogenesis. Tube architecture varies dramatically in different organs
and different species, ranging from tubes formed by several cells constituting the cross section, tubes formed
by single cells wrapping an internal luminal space or tubes that are formed within a cell. Some tubes display
branching whereas others remain linear without intersections. The modes of shaping, growing and
pre-patterning a tube are also different and it is still not known whether these diverse architectures and
modes of differentiation are realized by sharing common signaling pathways or regulatory networks.
However, several recent investigations provide evidence for the attractive hypothesis that the Drosophila
cardiogenesis and heart tube formation shares many similarities with primary angiogenesis in vertebrates.
Additionally, another important step to unravel the complex system of lumen formation has been the
outcome of recent studies that junctional proteins, matrix components as well as proteins acting as attractant
and repellent cues play a role in the formation of the Drosophila heart lumen. In this study we show the
requirement for the repulsively active Unc5 transmembrane receptor to facilitate tubulogenesis in the dorsal
vessel of Drosophila. Unc5 is localized in the luminal membrane compartment of cardiomyocytes and animals
lacking Unc5 fail to form a heart lumen. Our ﬁndings support the idea that Unc5 is crucial for lumen formation
and thereby represents a repulsive cue acting during Drosophila heart tube formation.(A. Paululat).
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Circulation of hemolymph in Drosophila is facilitated by muscular
pumps that ensure its distribution throughout the body cavity. The
main circulatory organ of the ﬂy is the tube-like heart, or dorsal vessel,
which is formed by 104 cardiomyocytes accompanied by about 140
pericardial cells (for recent review see Bryantsev and Cripps, 2009 and
Reim and Frasch, 2010). Additional muscular pumps assure circula-
tion in long body appendages: for example the so-called wing hearts
are essential for wingmaturation and blood circulation in wings (Pass,
2000; Tögel et al., 2008). During the last decades, the Drosophila heart
has been established not only as a powerful model for analyzing
fundamental molecular, genetic and cellular mechanisms of organo-
genesis, exemplarily reviewed in Bryantsev and Cripps (2009), Cripps
and Olson (2002), Medioni et al. (2009), Monier et al. (2007), Tao and
Schulz (2007) and Zaffran and Frasch (2002), but also as a genetically
treatable and pharmacologically relevant system for understandinghuman cardiac diseases (Bier and Bodmer, 2004; Ocorr et al., 2007;
Taghli-Lamallem et al., 2008; Wolf et al., 2006; Wolf and Rockman,
2008). More recently tubulogenesis in the Drosophila heart tube has
attracted scientists because lumen formation plays a fundamental role
in organogenesis such as in kidney or lung differentiation in
vertebrates or tracheal or salivary gland differentiation in ﬂies.
Tubular organs are made by different modes of differentiation
(recently reviewed by Baer et al., 2009) and Drosophila heart tube
formation likely represents a new type of tubulogenesis, sharing some
similarities with blood vessel formation in vertebrates (Jin et al.,
2005). Potentially, studying lumen formation in the Drosophila heart
might help to understand certain aspects of vertebrate angiogenesis.
Cardiac tube formation in Drosophila relies on the regulation of
adhesive interactions between cardiomyocytes that originate from
bilaterally located cardiac primordia. Cardioblasts in each primordium
interact with their neighbors to form two linear rows of cells. The
pre-patterned tissues migrate towards the dorsal midline to meet
their counterpart. Following newly formed adhesive interactions,
cardioblasts from both primordia become attached to each other at
distinct membrane domains. After joining dorsally, cardioblasts adopt
a crescent-like shape that brings their ventral sides into close
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central lumen in between the two cardioblasts (Medioni et al., 2008;
Santiago-Martínez et al., 2008). The dynamic change of cell shape
resulting in sealing of the ventral contact areas of the two lumen
forming cells requires again the involvement of attractant signals and
junctional proteins that form the adhesive structures and a regulated
crosstalk between signaling and cytoskeletal rearrangements.
Furthermore, the luminal wall becomes covered with an extracellular
matrix, thereby cell polarity speciﬁc ECM formation and remodeling is
assumed to occur in the course of cardiogenesis.
Recent work of several laboratories shed light on heart
tubulogenesis and the molecular mechanisms underlying this
process. Using 3D and time-lapse imaging in combination with
studies on the subcellular localization of several molecular markers
Medioni et al. (2008) were able to decipher in great detail, how
cardioblasts undergo coordinated morphogenesis during lumen
formation. They showed that the driving force of lumen formation
relies in repulsion of speciﬁc membrane domains at the luminal side
of cardioblasts in conjunction with cell shape remodeling. After or
during the mesenchymal–epithelial transition of cardioblasts, taking
place during the migration of the heart primordium towards the
dorsal midline (Fremion et al., 1999), proteins required either for
cell–cell recognition, cell adhesion, junction formation or proteins
required for a repulsive signal that prevents closure of the luminal
areas become sub-localized into distinct cardioblast membrane
compartments. At dorsal and ventral membrane regions, the
so-called Junctional-domains (J-domains), in which sealing of the
heart tube occurs, adhesion and junctional proteins, including
DE-Cadherin, Armadillo, Discs-large, Lethal Giant Larvae and
NeurexinIV, are found to be highly enriched. The membrane
compartment in between, the Luminal-domain (L-domain), which
encloses the lumen itself, is characterized by the presence of basal
membrane matrix proteins, including Dystroglycan and Trol/
Perlecan, and the attractant/repellent proteins Slit and Robo1/2.
Mutations in any of these genes result in severe heart malformations
and in tube formation defects (Haag et al., 1999; MacMullin and
Jacobs, 2006; Medioni et al., 2008; Qian et al., 2005; Santiago-
Martinez et al., 2006; Santiago-Martínez et al., 2008). Until now,
two proteins were identiﬁed to be directly involved in deﬁning and
functionalizing the L-domain of differentiating cardioblasts, which
are Slit and Robo1/Robo2 (MacMullin and Jacobs, 2006; Medioni et
al., 2008; Qian et al., 2005; Santiago-Martinez et al., 2006; Santiago-
Martínez et al., 2008). Both proteins are well known as repulsive
and/or attractive signals acting in the CNS, trachea and muscles
(Englund et al., 2002; Liu et al., 2006; Lundstrom et al., 2004;
Simpson et al., 2000; Volohonsky et al., 2007; Wayburn and Volk,
2009). Very recent data suggest that silt and robo may play an
important role during murine atrial and ventricular morphogenesis
(Medioni et al., 2010). In Drosophila, animals in which either slit or
robo1/robo2 is mutated display a misalignment of cardiomyocytes
and fail to form a proper heart lumen (MacMullin and Jacobs, 2006;
Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al.,
2006; Santiago-Martínez et al., 2008). Slit and Robo1/Robo2 are
co-expressed in the same cardiomyocytes indicating that they play a
role, presumably different from those observed in other tissues, in
which one cell type provides an attractant/repellant signal by releasing
Slit and another cell type (displaying the Robo receptor) receives the
signal and uses it for guided migration. As suggested previously, Slit
predominantly may have a Robo1/2 independent adhesive function
(MacMullin and Jacobs, 2006; Qian et al., 2005). Although the precise
role of Slit and Robo1/2 for cardiac lumen formation remains to be fully
analyzed, the involvement of attractive and/or repulsive signals in heart
lumen formation is obvious.
In this report, we provide evidence that the membrane receptor
Unc5 is essential for lumen formation in the Drosophila heart. Unc5
was originally identiﬁed by Keleman and Dickson (2001) as arepulsive Netrin receptor contributing to motor axon guidance.
Netrins are expressed by cells of the CNS and muscle cells and they
act on axons which display receptors of the DCC and Unc5 family. In
this context, Unc5 receptors are required for repulsion of axons.
These ﬁndings are consistent with the observation that homozygous
unc5 mutant animals display severe defects in motor axon guidance
(Labrador et al., 2005). Recently it was shown that Netrin-mediated
signaling via Frazzled or Unc5 acts cell-autonomously in glia cell
migration (von Hilchen et al., 2010). We found that unc5 mutant
embryos fail to form a proper heart lumen. Unc5 is expressed
in cardiomyocytes and becomes highly enriched at the luminal
membrane compartment during heart tube formation. The deter-
mination of J- and L-domains is not altered in unc58 mutants
indicated by the correct localization of domain speciﬁc proteins like
Armadillo (J-domain) or Dystroglycan (L-domain). Our ﬁndings
indicate that Unc5 is required to facilitate heart lumen formation
but is not directly involved in regulation or localization of other
tested components at the cardiomyocyte membrane compartments.
Addressing the potential Unc5 ligand involved, we furthermore
show that NetrinB, which is known to be the Unc5 ligand in nerves,
glia cells and muscles, is co-localized with Unc5 and can be found
predominantly at the luminal side of cardiomyocytes. Netrin
deﬁcient embryos fail to form a heart lumen as well, indicating
that the ligand/receptor pair Unc5–Netrin is crucial to promote
tubulogenesis in the Drosophila heart.Material and methods
Fly stocks
White1118 was the wild type used. The unc58 allele was kindly
provided by G. J. Bashaw (Philadelphia). NetABΔ, NetAΔ and NetBΔ ﬂies
were kindly provided by B. Dickson (Vienna). Df(1)NP5, Df(2R)
ED2426, shg2 and sli2 alleles were obtained from the Bloomington
Stock Center. The following reporter lines were used in this study:
handC-GFP, generated in our laboratory using the full-length 3rd
intron of the hand gene (Sellin et al., 2006), odd-lacZ (oddrkIII,
Rauskolb et al., 1995) and svp-lacZ (Mlodzik et al., 1990). Gene
mis-expression was achieved with the UAS-Gal4 system (Brand and
Perrimon, 1993) using the following lines: mef2-Gal4 (H. Nguyen,
Erlangen), UAS-unc5 (Labrador et al., 2005), and hemese-Gal4; UAS-
GFP (Zettervall et al., 2004), kindly provided by J. Royet (Marseille).Immunocytochemistry and in situ hybridization
Processing and immunostaining of whole-mount embryos was
done as previously described (Sellin et al., 2009). Mutant animals
were identiﬁed by the absence of a lacZ or GFP balancer signal.
Antibodies used in this study include monoclonal anti-ßGalactosidase
at 1:1000 (Promega Z378A), rabbit anti-ßGalactosidase at 1:2000
(Cappel 55976), rabbit anti-GFP at 1:1000 (Abcam ab6556), mouse
anti-GFP at 1:500 (Invitrogen), guinea pig anti-ß3Tubulin at 1:1000
(newly generated based on a previously characterized antigenic
peptide sequence by Leiss et al., 1988), rabbit anti-Myocyte enhancing
factor2 at 1:500 (Bour et al., 1995), rabbit anti-Tinman at 1:500
(Bodmer, 1993) and anti-Dystroglycan at 1:200 (Deng et al., 2003).
Anti-Pericardin used at 1:5 (Yarnitzky and Volk, 1995), anti-Armadillo
at 1:3, anti-αSpectrin at 1:5, anti-Roundabout at 1:3 and anti-Slit at
1:5 were obtained from the Developmental Studies Hybridoma Bank,
Iowa. The rabbit anti-Uncoordinated5 and rabbit anti-NetrinB Sera
were used at 1:100 (Altenhein, unpublished, this report). All
secondary antibodies were used at 1:200 (Dianova and Molecular
Probes). In situ-hybridizations on whole-mount embryos were
performed according to Duan et al. (2001).
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All antibody staining for Uncoordinated5, Armadillo, Silt and
NetrinB were performed on embryos prepared by heat ﬁxation to
improve antigen preservation (Kesper et al., 2007; Medioni et al.,
2008; Miller et al., 1989). Brieﬂy, embryos were dechorionized in 50%
Chlorix, washed several times in TNX (0.7% NaCl and 0.01% Triton
X-100). Afterwards embryos were placed into perforated cups and
incubated 5–7 s in boiling buffer (68 mM NaCl+0.04% Triton X-100),
followed by recovery washes in the same buffer (ice cooled). Embryos
were then transferred into Eppendorf-cups with 50:50 heptan/
methanol. Shaking for 30 s results in devitellinization. This step was
repeated once. Afterwards embryos were washed two times in
methanol each for 10 min, and at least two times in ethanol for at
least 20 min. Embryos were stored in ethanol at 4 °C before staining.
Generation of Unc5 and Netrin antisera
Unc5 and NetB antisera are directed against single peptides of the
two Drosophila melanogaster protein sequences at amino acids
983–1000 (GALDPPRADERDWRLLAK) and 294–312 (NLQDNDSADA-
GYDEYEEPK), respectively. Synthetic peptides were coupled to
Keyhole limpet hemocyanin (KLH) and injected into rabbits. Booster
injections were performed every four weeks starting at day 61 after
the ﬁrst injection. Animals were sacriﬁced and sera were captured at
day 195 after the ﬁrst injection and afﬁnity puriﬁed against the
synthetic peptide on Protein-A-Sepharose columns. Peptide synthesis,
immunization of rabbits, and antibody puriﬁcation were performed
by Pineda antibody service (Berlin, Germany).
Histological sections
Embryoswere stainedwith anti-ß3Tubulin antibody and kept in PBS
buffer. Stage 17 mutant and wild type embryos were individually
selected under a dissecting microscope. The embryos were transferred
into an Eppendorf cup and dehydrated through a graded series of
ethanol (each incubation took 15 min) into 100% ethanol, repeating the
last step three times. Afterwards the embryos were incubated in 100%
ethanol/propylenoxid (10 min) and 2 times in 100%propylenoxid (each
10 min). Afterwards the embryos were kept overnight in propylenoxid/
Epon 3:1. Finally, the embryos were embedded in Epon 812 resin.
Semi-thin cross sections of 1 μm each were performed on a Leica
Ultracut UCT ultramicrotome using a histological diamond knife.
Sections were stained with toluidine blue at 70 °C for 2 min. Image
acquisition were performed using a Nikon Eclipse TE2000Umicroscope
equipped with a 100× Plan Fluo objective and a Vosskühler Cool 1300
digital camera.
Electron microscopy
Embryos were prepared for TEM analysis essentially as described
(Lehmacher et al., 2009; Tepass and Hartenstein, 1994) with minor
modiﬁcation.Adetailedprotocol is available upon request. Afterﬁxation
the specimenswere embedded in Epon812.Ultra-thin sections (70 nm)
for transmission electron microscopy were performed with a diamond
knife on a Leica Ultracut UCT ultramicrotome. Sections were mounted
on single slot grids, contrasted with uranyl acetate (40 min; 20 °C) and
lead citrate (6 min; 20 °C) using a Leica EMstain. Specimens were
investigatedwith a Zeiss 902 transmission electronmicroscope (60 kV).
Live video microscopy and time lapse analysis
For monitoring heart beating activity and hemocyte streaming, 1st
instar larvae with the genotype unc58/unc58; handC-GFP/hemese-Gal4,
UAS-GFP and, as control, animalswith the genotype unc58/CyO,Kr-GFP ;
handC-GFP/hemese-Gal4, UAS-GFP were selected and glued with theirventral side on a microscopic slide (slides were prepared in advance
using stripes of double-sided adhesive tape). The slidewas placed into a
closed chamber containingﬁlter paper impregnatedwith a fewdrops of
an anesthetic (50% triethylamin, 50% ethanol). Successfully anesthe-
tized larvae showed no locomotion activity and muscle contractions
(usually after 30–90 s). The anesthetized larvae were covered with
Voltalef oil S10. After placing spacers at both sides of the larvae, the
animal was covered with a coverslip. For capturing heart beating and
hemocyte movements we used a Zeiss Axioplan 2 Imaging microscope
equipped with a Hamamatsu C9100 digital camera, controlled by Zeiss
Axiovision software.We used a 20× planapochromatic objective (Zeiss)
for imaging.
Results
Unc5 was ﬁrst identiﬁed by Keleman and Dickson (2001) as a
repulsive Netrin receptor important for motorneuron guidance.
During embryogenesis, unc5 expression was predominantly found
in peripheral and exit glia and in individual motorneurons during
stage 14–17. The authors noticed an embryonic unc5 expression in the
cardiac primordium and later in the differentiation heart (Keleman
and Dickson, 2001), but a potential role of Unc5 in cardiogenesis was
not described.
Expression of Unc5 in the dorsal vessel
We reexamined the cardiac expression of unc5 using RNA antisense
probes to visualize the mRNA and a newly derived Unc5 speciﬁc
antiserum to stain for the protein.Unc5 transcripts are ﬁrst detectable in
cells of the heart primordium at stage 14. During further development
unc5mRNA accumulates in heart cells and becomes most prominent at
the end of embryogenesis (Fig. 1A inset). Double staining against unc5
mRNA andMef2 (Bour et al., 1995; Lilly et al., 1994; Taylor et al., 1995),
seven up-LacZ (Gajewski et al., 2000; Lo and Frasch, 2001; Molina and
Cripps, 2001) and Tinman (Azpiazu and Frasch, 1993; Bodmer, 1993)
revealed that unc5 is expressed in all 104 cardiomyocytes of the heart
(Figs. 1A–C). The mRNA level observed in the ostia forming Tinman
negative cardiomyocytes might be slightly reduced in some animals
(compare Fig. 1A to C).We also observed unc5 expression in pericardial
cells as shown by co-expression of odd skipped-LacZ (Ward and Coulter,
2000) and Tinman (Figs. 1C–D). In accordance with this observation
Unc5 protein accumulates in cardioblasts during heart differentiation at
membranes in a polar fashion (Figs. 1E–G). At stage 15, theUnc5 protein
concentrates in the luminal membrane of the cardioblasts, while a
weaker signal is seen at the abluminal side (Fig. 1E). At late stage 16/17,
the Unc5 protein is localized at the luminal and abluminal side in equal
amounts. Essentially no protein is found on the lateral sides of
cardiomyocytes. We overexpressed Unc5 in all cardiomyocytes
(mef2Nunc5) to verify the speciﬁcity of the antiserum. Under these
conditions we detect Unc5 protein at all membrane regions, including
the lateral side of the cardiomyoblast, where underwild type conditions
no signiﬁcant amounts of Unc5 protein can be detected (Fig. 1H). This,
and the observation that no Unc5 protein is detectable in unc5 mutant
embryos (Fig. 4B’), demonstrates that the generated antiserum
speciﬁcally detects Unc5.
Unc5 is essential for heart lumen formation
To investigate the role of Unc5 in the developing heart we used the
molecularly characterized EMS-induced unc58 allele (Labrador et al.,
2005). The unc58 allele contains a nonsense mutation at position Q19
resulting in a premature stop codon at this position. Unc58 is therefore
considered as a null allele (Labrador et al., 2005).
Homozygous unc5 mutant animals show severe morphogenesis
defects. The most prominent malformation is a shifted alignment of
the two rows of cardiomyocytes that form the heart tube. The
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Fig. 1. Expression of unc5 during embryogenesis and localization of Unc5 protein. (A–D) digoxigenin labeled unc5 antisense RNA probe hybridized to late stage embryos. (A inset)
Expression of unc5 at stage 16 is highly enriched in cells constituting the dorsal vessel. Co-staining for anti-Mef2, which labels the nucleus of all cardiomyocytes (CBs) (A) and
svp-lacZ (anti-ßGal), which marks the nucleus of the ostia forming cells (arrow) of the heart (B) reveals the presence of unc5 mRNA in the cytoplasm of all CBs. Co-staining for
anti-Tinman (C) and odd-lacZ (anti-ßGal) (D) show expression of unc5 in the majority of pericardial cells (PCs) (exemplarily one PC is labeled by an arrow in C and D). (E–H)
Embryos were stained with an anti-Unc5 polyclonal antibody. (E) At stage 15, before CBs from the bilateral primordia meet at the dorsal midline, Unc5 is localized in a polarized
fashion. CBs exhibit a strong Unc5 signal on their prospective lumen forming side (large arrow) and a slightly weaker signal at the opposite membrane region (short arrow).
(F) Co-staining with anti-ß3Tubulin (expressed in four out of six CBs per hemisegment) in late stage 16 embryos, when the dorsal vessel is already formed, reveals the distinct Unc5
localization. Unc5 is predominantly enriched at the prospective luminal (large arrow) and at the opposite side (short arrow), but not at lateral positions. (G) Enlargement of F
demonstrates the polarized Unc5 location. The arrow indicates the extension of the CB. (H) Anti-Unc5 antibody staining of embryos with the genotypemef2Nunc5. Overexpression of
Unc5 in CBs causes ectopic localization of Unc5 at lateral membranes (arrow). It demonstrates the speciﬁcity of the antibody (see also text).
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segments in about 32% of unc5 homozygous animals (Table 1). We
found that the misalignment ranges between 1 to 3 cell dimensions
along the anterior–posterior axis (Figs. 2A–B). Neither the speciﬁca-
tion of different heart cell types nor the overall number of
cardiomyocytes is affected in unc5 mutants (Table 1). We also do
not observe a measurable delay in the migration of the cardiacTable 1
Quantiﬁcation of heart phenotypes in unc58 mutants.
wt unc58
Cardiomyocyte alignment defects 3% (n=3/102) 32% (n=29/89)
Svp-lacZ expressing ostia cells 28 (n=10) 28 (n=10)
Tinman expressing heart cells 130 (n=10) 130 (n=10)
Lumen present (TEM) 100% (n=4/4) 0% (n=5/5)
n=numbers of embryos counted.primordia towards the dorsal midline. Pericardial cells are, similar to
the situation in wild type, directly associated to the heart tube
(Figs. 2C–F). Due to the polarized expression of Unc5 in heart cells we
wondered if the overall cardiomyocyte polarity is affected in unc5
mutants. Therefore we performed antibody staining against different
polarity markers. Exemplarily, the guidance molecule Slit is located at
the luminal and lateral side of cardiomyocytes in unc5mutants as well
as in wild type. The localization of the Slit receptor Roundabout
(Robo) at the luminal side of the cardiomyocytes is also not affected in
unc5 mutants. In addition the cytoskeletal linker protein αSpectrin,
which is localized in the baso–lateral cell cortex, showed no particular
mislocalization in unc5 mutants compared to wild type (Figs. 2G–L).
Lethal phase analysis revealed that essentially all unc58 homozygous
mutant embryos hatch, while all 1st instar larvae fail to molt. The
survival rate of animals, arrestedat1st larval stage, is about 50%at2days
(AED) and about 8% after 4 days (AED). To visualize heart function in
living animals we introduced our handC-GFP reporter into the unc58
Fig. 2. Unc5 mutants exhibit heart alignment defects but unchanged cell polarity. (A–B) Wild type (A) and unc5 mutant embryos (B) stained for Tinman and ß3Tubulin. Insets show
overviews of the enlargements (indicated by rectangles). Note, that the bilateral primordia of the dorsal vessel meet their counterpart correctly at the dorsal midline in unc5 mutant
embryos, but anterior–posterior alignment defects are visible. The brackets in A and B mark adjacent cardiomyocytes (CBs) (Tinman and ß3Tubulin positive) anterior to the pair of ostia
forming cells (Tinman andß3Tubulinnegative). Note themisalignment of CBs inunc5mutant animals (B). The polarity of cardiomyocytes (CBs) and the attachment of adjacent pericardial
cells (PCs) are not altered inunc5mutants. (C, D)Awild type (C) and anunc5mutant (D) stained for Pericardin and handC-GFP (anti-GFP). The type IV collagen-like ECMprotein Pericardin
marks the outer surface of the heart tube, the ECM of PCs and the surface of the alary muscles. HandC-GFP labels all CBs and PCs. Note, that organization and localization of the Pericardin
ﬁbernetworkappears tobenormal (largearrows inC andD). PCs are attached to theheart tube (short arrows inD), comparable to thewild type situation (short arrows inC). Alarymuscles
are present and attached to the heart tube (compare double arrow in D to C). The presence and correct localization of PCs (pc) in relation to the heart forming CBs (cb) is shown in TEM
sections ofwild type (E) andmutant animals (F). (G–H)We exemplarily veriﬁed the localization of the polaritymarkers Slit, Roundabout (Robo) andαSpectrin in CBs ofwild type (G, I, K)
andmutant animals (H, J, L). Slit andαSpectrin are localized to the luminal and lateral (arrows)membrane compartment of CBs, both in thewild type and unc5mutant animals. The Robo
distribution, most prominent at the luminal membrane compartment of the CBs, is unaffected in unc58 mutants compared to wild type (K-L).
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hemese-driven GFP to label ﬂoating hemocytes in the hemolymph
(Zettervall et al., 2004). Real time video microscopy revealed that
unc58 mutant 1st instar larvae lack any sign of hemolymph
streaming within the heart tube while the cardiomyocytes are
contracting normally (Figs. 3A, B and supplemental data). Hemo-
cytes, which reside by chance in the neighborhood of the dorsal
vessel, are not sucked into the heart, indicating that the heart fails to
establish diastolic sucking power (Supplemental movie 2). Since the
formation of ostia was not investigated in detail in unc58 mutants
we cannot exclude an additional contribution of ostia malforma-
tions to the observed phenotype. Overall this points to a complete
loss of heart function in unc58 mutants although the myogenicFig. 3. Unc5 is required for heart lumen formation. (A, B) Still frames selected from twomovi
of unc5 mutant animals. (A) The relative position of a hemocyte (red circle) during heart be
within an interval of about 20 ms (one frame). (B) In contrast, there is no hemocyte moveme
duration of about 1 min. For video capturing 1st instar larvae were used. For details see the
sections display the dorsal vessel of wild type (C, E) and unc58 homozygous embryos (D, F). C
show enlargements of this membrane region). Sections through the aorta (C, D) and the ve
Note, that the cross section forming CBs adhere along the complete contact side. Serial secti
cardiomyocyte alignment. (G–I) Semi-thin cross sections through the heart of wild type
phenotype caused by the point mutation in the unc58 allele (H) is mimicked in transheterofunction of the cardiomyocytes is not affected. A detailed inspection of
ﬁve individual unc5 mutant embryos (stage 17) by transmission
electron microscopy revealed that unc5 mutants lack a heart lumen.
Serial sectioning (70 nm per cross section) allowed us to analyze the
shape and size of cardiac cells in detail. Inwild type animals, fromdorsal
to ventral, a junctional zone is followed by the luminal zone and a
second junctional region. Junctional membrane areas display zonulae
adherens and the luminal area displays a characteristic luminal matrix.
We found that the cardiomyocytes in unc5 mutants, originating from
their bilateral primordia,meet each other at thedorsalmidline and form
adherens junctions along the entire contact zone. The cardiomyocytes
also lack the characteristic crescent-like shape and fail to form a
morphologically distinguishable L-domain. This phenotype can bees (available as supplemental material) to visualize loss of pumping activity of the heart
ating activity in the wild type. Note, that the hemocyte is sucked into the heart lumen
nt seen in unc5mutant animals. The pictures in A and B were selected from videos with
Material and methods section. (C–F) Transmission electron micrographs of ultra thin
Bs are circled by a dotted line. Arrowsmark the dorsal contact zone between CBs (insets
ntricle region (E–F) are shown. Unc5 mutant animals lack any sign of lumen formation.
ons covering two segments indicate that the lack of lumen formation is independent of
(G), unc58 mutant (H) and transheterozygote Df(2R)ED2426/unc58 embryos (I). The
zygote conditions with a deﬁciency covering the unc5 gene over unc58 (I).
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ventricle region (Figs. 3C–F). To exclude the possibility that secondary
mutations interferewith the observed phenotypes,we performed semi-
thin cross sections on transheterozygote embryos (unc58 over an unc5
lacking deﬁciency (Df(2R)ED2426). These embryos lack a heart lumen
and display the same failure in cell shape change as seen in unc58
mutants (Figs. 3G–I). Interestingly, overexpression of Unc5 in all
cardiomyocytes using a mef2-Gal4 driver does not lead to obvious
heart lumen defects (Supplemental Fig. S1 B). We conclude that an
increased presence of the Unc5 receptor, even at the lateral sides of the
cardiomyocytes (Fig. 1H), is not sufﬁcient to prevent the attachment of
the cardiomyocytes as it is known from overexpression of other
repulsive acting receptors (Santiago-Martínez et al., 2008). The function
of Unc5 appears to be restricted to the position at the luminal and
abluminal side of the cardiomyoblasts and may be due to the exclusive
presence of the corresponding ligand (potentially NetrinB, present
study and Harris et al., 1996).
Our data raised the question whether the failure to form a heart
lumen is due to an enlarged J-domain or to an absence of repulsive
signals at the luminal side of the cells.
Unc5 is localized to the L-domain of cardiomyocytes
The lumen of the heart tube is formed from the migration of two
bilateral rows of polarized cardiomyocytes, which join at the dorsal
midline (Fremion et al., 1999; Haag et al., 1999; Medioni et al., 2009;
Rugendorff et al., 1994). Cardiomyocytes display distinct membrane
sub-compartments crucial for tubulogenesis, which are the so-called
L-domain (enclosing the lumen) and the adjacent J-domains (where
adherens junctions seal the opposing cardiomyocytes at dorsal
and ventral positions) (Medioni et al., 2008). Each domain is
characterized by the accumulation of either adherens junction
proteins (DE-Cadherin, Discs-Large, Armadillo in the J-domain) or
proteins known to be involved in repellant/attractant mechanisms or
in ECM formation (Dystroglycan, Perlecan, Slit, Robo in the L-domain)
(Medioni et al., 2008; Qian et al., 2005; Santiago-Martinez et al.,
2006). Mutations in slit or robo1/robo2 cause severe tubulogenesis
defects, essentially an absence of the heart lumen. Because unc5
mutant animals show comparable defects in heart lumen formation,
we investigated whether Unc5 protein reveals a sub-compartmental
localization in cardiomyocytes. Z view reconstruction of heart tubes,
stained for the J-domain marker Armadillo and Unc5, revealed a
speciﬁc localization of Unc5 in the luminal membrane domain
(Figs. 4A–A’). As expected, in unc58 mutants no Unc5 protein can be
detected in the L-domain. Interestingly, the localization of Armadillo
protein is not altered in the same animals indicating the correct
establishment of the J-domains (Figs. 4B–B’). To examine whether the
establishment of the L-domain is affected in unc58 mutants, we
performed a staining against the LamininA receptor Dystroglycan that
shows a speciﬁc localization in the L-domain (Medioni et al., 2008). In
unc58 mutants, Dystroglycan revealed a wild typic distribution in the
L-domain of the cardiomyocytes (Figs. 4C–D). The Z views display a
clear alternation of the distinct membrane domains (Figs. 4C’–D’).
From this we conclude that the molecular deﬁned domains are
established in unc58 mutants giving evidence that Unc5 is not
involved in the establishment of distinct domains within the
cardiomyocyte cell membrane. To clarify if Unc5 acts as an
independent repellent during heart lumen formation we tested the
localization of the known repulsive protein Slit. In the wild type Slit
and Unc5 are both localized at the luminal side of the cardiomyocytes
(Figs. 4E–E’). In the absence of Unc5 Slit is still localized at the luminal
side of the cardiomyocyte membrane (Figs. 4F–F’). An additional
analysis of the distribution of the Slit receptor Robo in wild type and
unc58 mutant hearts revealed a wild typic localization of Robo to the
L-domain in unc58 mutants (compare Figs. 4G–G’ to 4H–H’). In
agreement with this, animals transheterozygous for unc5 and slit(unc5/slit) form a proper heart lumen (compare Supplemental Fig. S1
A to C). From these data we conclude that the heart lumen defect seen
in unc5 is not caused by the mislocalization of known tubulogenesis
components (like Slit and Robo), which points to alternative or at
least additional functions of Unc5 in heart lumen formation
independent of the Robo/Slit pathway.
The questions arose whether the capacity of Unc5 to promote
proper heart lumen formation is linked to the described involvement
of DE-Cadherin/Shotgun (Shg) in lumen formation. DE-Cadherin/Shg
is controlled via the Slit/Robo pathway to enable proper cell adhesion
at the J-domains (Santiago-Martínez et al., 2008). In order to clarify
the inﬂuence of Unc5 on the DE-Cadherin function we looked at
semi-thin cross sections of unc5/shg transheterozygote embryos. In all
observed embryos the cardiomyocytes enclose a wild typic luminal
space (compare Supplemental Fig. S1 A to D). It is likely that the
requirement for Unc5 in establishing a correct heart lumen is
independent from the Slit/Robo pathway that has been described
previously.
The Unc5 ligand Netrin is essential for heart tube formation
Unc5 is known to act as a repulsive receptor for both Netrins
(NetrinA and NetrinB) present in Drosophila melanogaster (Bashaw
and Goodman, 1999; Brankatschk and Dickson, 2006; Gong et al.,
1999; Harris et al., 1996; Keleman and Dickson, 2001; Labrador et al.,
2005; Mitchell et al., 1996; von Hilchen et al., 2010). Therefore we
were interested to know whether Netrins play a role in heart
tubulogenesis as well.
In situ hybridization experiments using several antisense probes
raised against netrinA and netrinB revealed mRNA expression in the
nervous system, the early mesoderm and in a distinct pattern in the
dorsal ectoderm (data not shown). However, no netrinA or netrinB in
situ signal could be observed in the heart. In contrast, a detailed
analysis of the protein distribution using a NetrinB speciﬁc antibody
revealed that NetB is localized in a polar fashion with the highest
concentration at the lumen forming side of cardiomyocytes (Fig. 5A).
A view in Z direction clearly shows an accumulation of NetB protein at
the luminal side while Armadillo localizes at both J-domains (Fig. 5A
inset). As expected, the used antiserum gave no speciﬁc staining
signal applied on embryos carrying a deletion for netrinA and B
(compare Figs. 5B–C).
These netrin deﬁcient embryos fail to form a proper heart lumen
(Figs. 5D–I). Staining for the heart speciﬁc marker ß3Tubulin revealed
a misalignment of cardiomyocytes similar to the phenotype visible in
unc58 mutants (compare Fig. 5G to Fig. 2B). TEM analysis of netrin
deﬁcient embryos displayed an absence of the luminal space between
the cardiomyocytes which becomes manifested in all three analyzed
individuals (Figs. 5H–I). To elucidate whether NetrinA and NetrinB
display different functions in heart lumen formation, we analyzed
semi-thin cross sections of embryos lacking either NetrinA (NetAΔ) or
NetrinB (NetBΔ) in comparison to embryos lacking both genes
(NetABΔ) (Brankatschk and Dickson, 2006). We found that the netrin
deﬁcient embryos Df(1)NP5, the molecular deﬁned double mutant
NetABΔ and the NetrinB speciﬁc alleleNetBΔ fail to form a proper heart
lumen, whereas NetrinA mutants (NetAΔ) display a clear luminal
space (Figs. 5I–L).
The observed phenotypes and the NetrinB localization to the
L-domain of cardiomyocytes is consistent with the ﬁndings of a
previous analysis from Harris et al. (1996) who found NetrinB
accumulation in cardiac cells at late stage 16/17 embryos as well.
Based on the high similarity of the phenotypes observed for netrinB
deﬁcient embryos and unc58 mutant animals, we believe that NetrinB
might be a potential ligand for Unc5 in heart cells, similar to the
situation in the nervous system. The absence of netrinB transcripts in
heart cells points to the possibility that netrinBmRNA is expressed by
a so far unknown non-cardiac cell type and regulates the activity of
Fig. 4. Cardiacmembrane domains inwild type and unc5mutants. On the left side late stage 16wild type animals are shown (A, C, E, G).Unc5 homozygotes are presented on the right
side of the ﬁgure (B, D, F, H). The sectional planes of the corresponding Z views (A’–H’) are indicated by a dotted line. The cell shape of a cardiomyoblast (CB) in Z view is marked by a
dotted cycle and the membrane domain regions are labeled as J for junctional or L for luminal. (A, B) In wild type, Armadillo (ß-catenin), an adherens junction marker, is localized at
the luminal and lateral membranes of the CBs as well as in unc58 mutants. (A’, B’) Z views of A and B display the localization of Armadillo at the dorsal and ventral J-domains on the
luminal side of CBs. In wild type Unc5 protein can be localized to the L-domain between the two J-domains (A’). In unc58 mutants no Unc5 protein is detectable (B’). (C, D) In wild
type as in unc58mutants, Dystroglycan is clearly present at the luminal and abluminal side of the CBs while Armadillo is also enriched at the lateral membranes. The Z views display a
restriction of Dystroglycan to the L-domain, while Armadillo is present at the attachment points between the CBs (C’, D’). (E, F) Unc5 protein can be co-localized to the luminal
distribution of the soluble ligand Slit (E, E’) whereas in unc58mutants only Slit is accumulated at the L-domain. (F, F’). (G, H) The localization of the Robo receptor to the L-domain is
unchanged in unc58 mutants (H’) compared to wild type (G’). Due to heat ﬁxation nuclear targeted GFP sometimes accumulate in the whole cell (G, G’).
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co-localized to the cardiomyocytes.
Discussion
The cross section of the Drosophila heart tube is constituted by
opposing cardiomyocytes that cover the periphery of an inner luminal
space (Figs. 3C, E and Rugendorff et al., 1994). At the dorsal and
ventral side of two facing cardiomyocytes, adherens junctions seal the
lumen. Work of several laboratories recently raised evidence that the
secreted extracellularmatrix component Slit and its receptor Robo1/2,
are speciﬁcally co-expressed at the luminal side of cardiomyocytes
and provide essential cues for the process of heart lumen formation
(MacMullin and Jacobs, 2006; Medioni et al., 2008; Qian et al., 2005;
Santiago-Martinez et al., 2006; Santiago-Martínez et al., 2008).
In the present study we demonstrate that the Drosophila single-
pass transmembrane receptor Unc5, together with its ligand Netrin,
ensures heart lumen formation. Unc5 represents the single Drosophila
homologue of a conserved receptor family, exhibiting an extracellular
domain consisting of two Ig domains (both of which are essential for
Netrin binding as shown for the C. elegans and the human Unc5
orthologue) (Geisbrecht et al., 2003; Kruger et al., 2004) and twothrombospondin type I (TSP) repeats. The Ig domains of Unc5 share
homology with the ﬁrst two Ig domains of Robo, which are critical for
binding its ligand Slit (Liu et al., 2004). As shown by Kruger et al.
(2004), the binding properties of the Unc5 Ig domains are speciﬁc, and
Netrin binding therefore is unique to Unc5. Conserved motifs found
within the intracellular domain of Unc5 are a ZU5 motif, a DB motif
and a carboxy-terminal death domain. The three vertebrate Unc5
orthologs and the single known C. elegans orthologue exhibit a similar
organization.
Expression of Unc5 and Netrin in cardiomyocytes
Expression of Unc5 and NetrinB in the heart has been described
(Harris et al., 1996; Keleman and Dickson, 2001) but not connected to
cardiogenesis. We therefore analyzed in which cells that constitute the
Drosophila heart, Unc5 and NetrinB are expressed. Transcripts of unc5,
Unc5 protein and NetrinB protein were found in all cardiomyocytes
forming the cardiac tube (Figs. 1 and 5). Because no netrinBmRNA can
be detected in heart cells, the hypothesis arises that NetrinB is
synthesized by non-cardiac cells and transported actively or passively
to its target site as a soluble protein. Since all other proteins, known to
be involved in heart lumen formation (for example Slit, Robo, Dg, Arm,
Fig. 5. Netrin is required for heart lumen formation. (A, B, D, F) Show wild type and netrin deﬁcient embryos (C, E, G) stained for heart cell markers. (A) Wild type stage 16 embryo
stained with an anti-NetrinB speciﬁc antibody reveals protein localization in a polarized fashion. NetrinB accumulates at the luminal and abluminal side of cardiomyocytes (CBs),
while Armadillo is also present lateral at the CBs. A view in the Z direction displays the localization of NetrinB at the L-domain and Armadillo at the junctional membrane domain of a
CB (inset). (B, C) Cardiac speciﬁc NetrinB staining is absent in embryos carrying a deletion for netrinA and netrinB (compare B to C). (D–G) Wild typic and netrin deﬁcient embryos
stained for Tinman and ß3Tubulin. F is an enlargement of D (rectangle), G an enlargement of E (rectangle). Netrin deﬁcient embryos (E, G) reveal CB alignment defects. The brackets
in F label four Tinman expressing CBs. The brackets in G indicate the same positions; note the misalignment and shifting of CBs. (H, I) TEM analysis of ultra thin sectioned hearts from
netrin deﬁcient embryos (I) reveals a lack of lumen formation compared to wild type (H). Shown are sections in the posterior region (heart chamber) of the dorsal vessel. CBs are
circled by a dotted line. Insets show the contact region (rectangles) of cardiomyocytes at higher magniﬁcation. (J–L) Semi-thin cross sections through the heart of NetABΔ (J) and
NetrinB mutant embryos (L) reveal a failure to form a proper heart lumen. Embryos lacking NetrinA display a clear luminal space between their cardiomyocytes (K).
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themselves, the Unc5/NetB system likely represents a new mode of
tube size regulation during Drosophila cardiogenesis (Medioni et al.,
2008; Santiago-Martínez et al., 2008). Both proteins accumulate in a
polar fashion at the luminal surface of the cardiomyocytes. From stage
15 onwards, when the two bilateral cardiac primordia migrate towards
the dorsal midline, Unc5 and NetrinB appear to be exclusively enriched
at the prospective luminal and the abluminal side. Transverse Z views of
cardiac tubes, stained for Unc5 and speciﬁc polarity markers revealed a
highly enriched localization of Unc5 in the luminal compartment of
cardiomyocyte membranes. Unc5 is excluded from the junctional
domains that are responsible for sealing the lumen of the heart. The
same distribution is seen for NetrinB. Unc5 and NetrinB are clearlyco-localized in the same cells and in the samemembrane compartment.
This observation argues for a cell autonomous function of the proteins
Unc5 and NetrinB.
Unc5 function in the heart
The most prominent cardiac defect seen in homozygous unc5 or
netrin mutant animals is the lack of a heart lumen. Additionally, we
found frequently defects in the alignment of cardiomyocytes along the
anterior–posterior axis. In contrast to mutants of the Slit/Robo
pathway, we never observed defects that can be clearly attributed
to early adhesion functions or a potential role of Unc5 for specifying
the polarity of the cells (MacMullin and Jacobs, 2006). Therefore we
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role in tubulogenesis rather than for a more general role in cell
adhesion. This assumption is supported by the presence of a dorsal
adherens zone between cardiomyocytes that demonstrates that a loss
of Unc5 neither prevents the migration of cardioblasts from the
cardiac primordium towards the midline nor the initial recognition
and adhesion of cardioblasts at the dorsal midline. The cell shape of
the cardiomyoblasts in unc5 mutants and in netrin deﬁcient embryos
however point to an affected remodeling process of the cytoskeleton
which normally occurs during the process of lumen formation (as
summary Fig. 6). But since downstream factors of the Netrin/Unc5
signaling cascade in Drosophila are yet not known, this issue has to be
further analyzed in the future. Data focusing on Slit and Robo suggests
that components regulating actin dynamics (like Enabled) may be
effectors of this system during lumen formation (Santiago-Martínez
et al., 2008). The work of Colavita and Culotti (1998) on potential
interactors of the Unc5/Netrin pathway in C. elegans indicates that the
Enabled homolog in worms, Unc-34, can function as a suppressor of
ectopic Unc-5 during pioneer axon guidance. These observations
recommend a closer inspection on the actin ﬁlament formation and
actin distribution in unc5 mutants as well as an analysis of altered
heart lumen formation in mutants of different cytoskeletal compo-
nents or their regulators.
The overall polarity of the cardiomyocytes is not affected by the
loss of Unc5 (Fig. 2). Even the highly speciﬁc sub-compartmental
organization of the contact sides of the contralateral cardiomyocytes
is correctly determined in unc5 mutants (Fig. 4). Staining of unc5
mutant animals for junctional and luminal markers revealed that
neither the localization of polarity markers nor the speciﬁcation of the
prospective J- and the L-domain is changed by the loss of Unc5
function.
Our ﬁndings suggest that Unc5 is speciﬁcally required for lumen
formation and the necessary processes of cell shape change rather
than for general adhesion properties of the cardiomyocytes.Fig. 6. Cardiac lumen formation in Drosophila embryos. During migration towards the dorsa
contact zone (in red; upper panel). During assembly at the dorsal junction, the CBs undergo
L-domain (in green; upper panel) expressing receptors like Unc5, Robo and the ligands Net
same expression proﬁle as the dorsal J-domain (in red; upper panel). At the end of heart tu
ventral J-domains to each other. In unc58 mutant embryos the formation of the distinct m
changes in cell shape do not occur (mid panel). The cardiomyocytes attach to each other alo
unc58 mutants. The distribution of the transmembrane receptor Unc5 in the cardiomyocy
abluminal side of the cells facing the adjacent pericardial cells. The corresponding ligand of U
receptor, the L-domain and the abluminal side of the cardiomyocyte.Potential role for Unc5 for tubulogenesis
Lumen formation by cell assembly, as in the Drosophila heart, is
mechanistically different from tubulogenesis in other tubular organs in
which the luminal space is generated by budding, cell hollowing or
wrapping (Baer et al., 2009; Bryant and Mostov, 2008 and literature
cited therein). Slit andRobo1/2 are considered as being key components
that deﬁne a luminal membrane compartment in cardiomyocytes and
restrict the domains of junctional proteins that mediate the sealing of
theheart tube (Medioni et al., 2008; Santiago-Martínez et al., 2008). Our
ﬁndings indicate that the Unc5/Netrin receptor–ligand system acts at
the matrix compartment of cardiomyocytes and promotes lumen
formation.
We propose Unc5/Netrin to act independent of Slit and Robo on the
establishment of a luminal space between the cardiomyocytes because
Slit and Robo distribution is wild typic in unc5mutant embryos (Figs. 2
and 4). It is known from the literature that a loss of components of the
Slit/Robo pathway, for example Robo itself, leads to an altered
localization of Slit in the cardiomyocytes (Santiago-Martínez et al.,
2008). In contrast, the loss of Unc5/Netrin function does not affect the
localization of any tested protein involved in lumen formation.
Our ﬁndings provide an independent proof for the lumen formation
model proposed by Medioni et al. (2008) and Santiago-Martínez et al.
(2008). This model postulates that cell shape changes and repulsive
activities at the prospective luminal membrane area, resulting in
bending of the ventral side of cardiomyocytes are the driving forces
for lumen formation. The extended dorsal J-domain in cardiomyocytes
of unc5 mutant embryos, as well as the presence of adjacent luminal
membrane compartments, exhibiting the characteristic matrix proteins
of the cardiac luminalwall, argues strongly for thismodel. An alternative
mechanism would be that cardiomyocytes ﬁrst align throughout their
entire luminal side and afterwards luminal space appears. This model is
neither supported by the previous observations of Medioni et al. (2008)
and Santiago-Martínez et al. (2008) nor by our ﬁndings presentedl midline the cardiomyocytes (CBs) adopt a triangular shape and display a dorsal future
further cell shape changes and an additional speciﬁc membrane domain is deﬁned: the
B and Sli. Afterwards, a second contact region, the ventral J-domain, is speciﬁed by the
be formation a perfect lumen is formed when the two cardiomyocytes attach at their
embrane domains (in red and green) between the cardiomyocytes is not altered but
ng their entire luminal side, without enclosing a luminal space. No lumen is formed in
tes of Drosophila can be localized to the luminal membrane domain as well as to the
nc5 seems to be NetrinB. The soluble ligand accumulates at the same regions as the Unc5
99S. Albrecht et al. / Developmental Biology 350 (2011) 89–100herein. In summary, our data suggests the existence of a second
repulsively active system present at the L-domain of cardiac cells
expanding the list of key components known to be crucial for heart
tubulogenesis.
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